In this letter, we propose a novel mechanism with warped extra dimension to solve the hierarchy problem, which is parallel to the famous Randall-Sundrum (RS) brane scenario. Different from the RS scenario, the fundamental scale is TeV scale in this new mechanism and the four-dimensional Planck scale is generated from the exponential warped extra dimension at size of a few TeV −1 . The explicit realizations are constructed in the nonlocal gravity theory and scalar-tensor theory. The experimental consequences of this scenario are very different from that of the RS scenario.
Introduction.-It is known that the gauge hierarchy problem, the large difference between the electroweak scale M EW ∼ 1TeV and the Planck scale M Pl ∼ 10 16 TeV, is a longstanding problem in particle physics. The idea of extra dimensions opens a new way to solve this problem. One of the famous models is the Arkani-HamedDimopoulos-Dvali (ADD) model [1, 2] , also called the model of large extra dimensions.
In this model, the fundamental scale is M * ∼ 1TeV. The standard model particles are assumed to be confined on the brane and the extra dimensions are flat, so the electroweak scale is the same as the fundamental scale: M EW ∼ M * . The hierarchy between the effective Planck scale M Pl and the fundamental scale M * is generated by the large volume of the extra dimensions [1] :
where R and N are the size and number of the extra dimensions, respectively. However, the gauge hierarchy between the Planck and electroweak scales has not been solved ultimately because it has been transferred into a remained hierarchy between the fundamental length M (about 2mm for the case of two extra dimensions). Furthermore, the brane tension is neglected in this model.
A good inspiration to solve the remained hierarchy problem in the ADD model comes from the RandallSundrum 1 (RS1) model [3] in five dimensions with the warped geometry given by
Here k is the AdS curvature scale, y ∈ [−y b , y b ] is the physical coordinates of the fifth dimension. * These authors contributed equally to this work. † Corresponding author. Email: liuyx@lzu.edu.cn ‡ These authors contributed equally to this work.
The fundamental scale is M * ∼ k ∼ 10 16 TeV = M Pl in the RS1 model. Because the massless graviton is localized near y = 0 as illustrated in figure 1(a) and it has not been diluted exponentially by the size of the extra dimension, the effective Planck scale is the same as the fundamental scale. On the other hand, in background (2) the mass parameters of fields confined at y = y 0 has a redshift e −ky0 , so the standard model particles should be confined at y = y b with y b ∼ 37k
to recover the electroweak scale. The gauge hierarchy problem is solved by a small physical length of the fifth dimension y b ∼ 37M −1 * , for which there is no remained hierarchy problem.
After the success of the RS1 model, many researchers constructed the extended RS1 models in modified gravities. The main idea of these extended models is the same as the RS1 model's, i.e., the massless graviton is localized near y = 0 and the standard model particles are confined at y = y b . In this letter we will show that another mechanism can also be used to solve the gauge hierarchy problem. In this new mechanism, the massless graviton is localized near y = y b and the standard model particles are confined at y = 0 as illustrated in figure 1(b) . This will lead to new extra dimension at a few TeV −1 and new phenomena. We first make an explicit realization of this mechanism in nonlocal gravity. Then, we realize this mechanism in a more general class of modified gravity theories. The model.-Different from the usual way to modify Einstein gravity by local generalization, Deser and Woodard developed a modified gravity theory by adding a nonlocal term [4, 5] . This nonlocal gravity theory was proposed to explain the cosmic acceleration without the cosmological constant [6] [7] [8] [9] [10] . It was found that this theory possesses the same gravitational degrees of freedom and initial value constraints as general relativity, and has no ghost graviton mode [11] . We start with the following action of the nonlocal gravity theory proposed in Ref. [4] in (d + 1)-dimensional spacetime:
where M * is the fundamental (d + 1)-dimensional Planck mass, R is the curvature scalar, −1 is the inverse of the d'Alembertian operator, and S b is the action describing the brane configuration. Note that in order to define this theory, we should specify what definition of −1 we use. A convenient way to solve the nonlocal theory is changing to the local form by adding two auxiliary fields η and ξ [9, 10, 12] :
where we have defined ψ ≡ 1 + f (η) − ξ. To ensure the stability, we should require ψ > 0. By varying the action (4) with respect to ξ and η respectively, one easily gets
where f η ≡ df dη . Now the choice of the definition of
becomes the choice of the solution of η = R. Once we have chosen a specific solution of η, the original nonlocal theory is defined. It means that different solutions of η correspond to different nonlocal theories, rather than different solutions of one nonlocal theory.
The modified Einstein equations are given by
where A, B, C · · · denote the bulk indices 0, 1, 2, · · · , d, and T
(b)
AB represents the energy-momentum tensor of the brane.
The metric for the flat brane world model is [3] 
where the brane coordinate indices µ, ν = 0, 1, · · · , d − 1. We consider an S 1 /Z 2 orbifold extra dimension as in Ref. [3] , so the physical extra dimensional coordinate y ∈ [−y b , y b ]. The action describing one brane with tension σ − located at y = 0 and another brane with tension σ + located at y = y b is given by
where q µν (y = 0, y b ) are the induced metrics at y = 0, y b . Then the µν and dd components of the modified Einstein equations (6) and the equations (5) for η and ξ are given by
and
respectively, where H ≡ a ′ /a and the prime denotes the derivative with respect to the coordinate y. Subtracting (10) from (9) we get
which can be rewritten as
We consider the warp extra dimension with a(y) = e −k|y| . Then ψ can be easily obtained as
The condition ψ > 0 becomes c 2 > −c 1 e k|y| . After integrating Eq. (14) at y = 0 and y = y b respectively, we can obtain the relations
We assume that the brane located at y = 0 has negative tension, i.e., σ − < 0. Then the brane located at y = y b is a positive tension brane. The relation between the σ + and σ − is different from the case in the RS1 model, where
The solutions of the auxiliary fields η and ξ are complicated. We will use Eq. (11) for η as an example. We denote the region y ∈ [ny b , (n + 1)y b ] as the n-th section in the region y ∈ [0, +∞) and denote the solution of the field η(y) in this section as η n (y). Then the solution of Eq. (11) is given by
where the coefficients λ n are determined by the recur-
The coefficients ρ n can be determined by the continuity condition of η(y). The exact solutions of the auxiliary fields η and ξ are unnecessary since they do not influence the spectrum of the massive KK gravitons and the couplings of these gravitons to matter.
Physical implications.-Since the metric (7) has the d-dimensional Poincare symmetry, we can consider the transverse and traceless (TT) part of the perturbation separately, which corresponds to the spin-2 graviton in d dimensions. The tensor perturbation is parameterized as
where the perturbation h µν (x, y) satisfies the TT conditions ∂ µ h µν = 0 = η µν h µν . The µν component of the linearized perturbation equations reads
where
We decompose the tensor perturbation h µν as
where the four-dimensional part of the graviton KK mode
Then we obtain a Schrödinger-like equation for the fifth dimensional part:
It can be rewritten as
∂zA A Ψ = m 2 Ψ, which implies that the eigenvalues m 2 are nonnegative and the brane system is stable under the tensor perturbation.
From now on we focus on the case of d = 4. Setting m 2 = 0 in Eq. (22), we can obtain the zero mode
which is localized near y = y b , as expected. So the massless graviton is diluted exponentially in physical coordinate and the Planck mass is warped up:
On the other hand, as in the RS1 model the mass parameter of a field confined at y = y 0 has a redshift e −ky0 [3] . So the simplest way to solve the gauge hierarchy problem is to choose the fundamental scale as 1TeV and confine the standard model particles at y = 0. Thus, the electroweak scale remains the fundamental scale M EW ∼ 1TeV. In detail, we set M * ∼ k ∼ 1TeV, σ + ∼ (1TeV) 4 and the dimensionless parameter c 2 ∼ 1. Then the effective four-dimensional Planck mass M Pl ∼ 10
16 TeV leads to the condition kz b ∼ 10 16 , which means we need only a small physical length ky b ∼ 37 (or y b ∼ 37TeV −1 ) to solve the gauge hierarchy problem. This is a new extra dimension at a few TeV −1 , comparing to a few M
−1
Pl in the RS1 model.
In the following discussion, we check whether this model can give a reasonable phenomenon by analyzing the spectrum of the massive KK modes and their couplings to the matter confined at y = 0. With the Neumann boundary condition: ∂ z h µν | z=0 = 0, we can obtain the solutions for the Schrödinger-like equation (22):
Y1(mn/β) , and N n is the normalization constant. The spectrum m n of the graviton KK modes can be obtained by the Neumann boundary condition at z b : ∂ z h µν | z=z b = 0, which reads as
Since kz b ∼ 10 16 and c 2 ∼ 1, the first few KK modes satisfy the condition m n /β ≪ 1 and α ≈ 
and the spectrum reads m n ≈ xn z b
, where x n satisfies J 1 (x n ) = 0, and x 1 = 3.83, x 2 = 7.02, · · · . The normalization constant N n can be determined as follows:
Using the approximation J 0 (x) ≈ 
The interaction between these KK modes and the matter confined on the positive tension brane is
where T µν is the symmetric conserved Minkowski space energy-momentum tensor. Then it is simple to get
The above result shows that the couplings of the first few KK modes to the matter have the similar strength to the coupling of the massless graviton to the matter, which is essential to satisfy the experimental constrain.
To estimate experimental effects, we first consider the process that involves emission of gravitons, which could be observed as missing energy [1, 2, 13] . The total cross section for this process is of order
which would have a significant increase when the energy approach 1TeV. On the other hand, the massive KK modes with the mass gap 10 −4 eV would contribute an obvious deviation to Newton potential when distance less than the critical distance R c ∼ 2mm. These results are the same as the six-dimensional ADD model's.
To understand the coincidence more deeply, we first note that in our five-dimensional warped model M Further, in the six-dimensional ADD model, the number of KK modes with same mass m is about mR and they have the same couplings of 1 M Pl to matter. In our five-dimensional warped model, there is only one KK mode with mass m due to only one extra dimension and the coupling to matter is
. As illustrated in figure   2 , because mR(
2 , the contribution of the propagators of all the KK modes in the ADD model is the same as that of the propagator with the same mass in our five-dimensional model. So we can use the ADD model as a bridge to understand some phenomena in this new mechanism. However, phenomena involve the interactions among the graviton KK modes or related to scalar and vector modes may be different.
General realization of the new mechanism in modified gravity.-The fundamental scale is also assumed as M * ∼ 1TeV and the standard model particles are confined on the brane at y = 0. A possible class of actions in five dimensions is
where only the field ψ nonminimally couples to the curvature scalar, and Φ i in the Lagrange density L denote other dynamic and/or nondynamic fields [18] . Assume that the system supports a family of solutions:
where k ∼ M * and now N is just a dimensionless parameter determined by the dynamic of the theory. Since only the field φ nonminimally couples to curvature scalar, the graviton zero mode can be calculated as Ψ 0 ∝a 3/2 ψ 1/2 ∝e 1 2 (N −1)k|y| = (1+k|z|) (N −1)/2 , which will be diluted exponentially by the physical size of the extra dimension when N > 1. So in this case, the effective four-dimensional Planck mass will be warped up and be determined by
This is exactly the same as in the With the similar procedures as in previous section, we can solve the graviton KK modes
The spectrum is given by m n ≈ xn z b
, where x n are determined by J N 2 (x n ) = 0. This means that the new mechanism shares the same mass spacing as the ADD model. The normalization constants are N n ∼ z b / √ x n and then
. So the couplings of these KK modes to the matter confined at y = 0 are given by
In the (4 + N )-dimensional ADD model, the number of the graviton KK modes with mass m is about (mR) N −1 and each mode has a coupling M
Pl to matter. In the new mechanism, there is only one graviton KK mode with mass m and its coupling to matter is about M −1
2 . Similar to the previous discussion, because (mR)
2 ) 2 , we can build a deep relation between the new mechanism and the (4 + N )-dimensional ADD model. Further, we can use the (4 + N )-dimensional ADD model as a bridge to understand some phenomena of this new mechanism. For example, the correction to the Newtonian inverse square law 1 r 2 is of the form 1 r 2+N . Interestingly, the relation between the new mechanism and the (4+N )-dimensional ADD model tells us that the effects of multi flat extra dimensions may originate from the warped geometry with only one extra dimension. Intuitively speaking, the massless graviton in warped geometry can be diluted as sparse as in multi flat extra dimensions. One should note that in the new mechanism N is a dynamically determined parameter and in the ADD model it is the number of extra dimensions. Because N is dynamical in the new mechanism, different stages of the universe may have phenomena of different N .
The new mechanism also provides a new way to escape the experimental constrains. Since the fundamental scale M * ∼ k ∼ 1TeV, the critical distance of breaking the Newtonian inverse square law is given by R c ∼ 2 × 10 32 N −16 mm. Thus, to satisfy the experimental constrain R c 0.1mm [15] [16] [17] , we only need N 2.18. However, in the ADD model, N must be an integer and one can only raise the fundamental scale M * ∼ 3TeV for N = 2. These two ways can be distinguished in experiment, because the correction to the Newton potential Conclusion and discussion.-In order to avoid the remained hierarchy in the ADD model, there are two kinds of mechanisms by using the warped geometry.
One is the RS1 model and its generalization. In this kind of model, the massless graviton is localized near y = 0 and will not be diluted exponentially by the size of the extra dimension, so the effective four-dimensional Planck scale is remain the same as the fundamental fivedimensional Planck scale. Thus, the standard model particles should be confined at y = y b to redshift the electroweak scale to solve the gauge hierarchy problem.
Another one is the new mechanism proposed in this letter. In this mechanism, the massless graviton is localized near y = y b and is diluted exponentially, so the effective Planck scale grow exponentially with the size of the extra dimension. Thus, we can confine the standard model particles at y = 0 to make the electroweak scale remain the fundamental scale. It is a mechanism with the size of the extra dimension a few TeV −1 , different from the M
Pl in the RS1 model. We found that the new mechanism would lead to reasonable phenomena and has a deep connection to the ADD model. This tells us that the phenomenon of flat extra dimensions could be emerged from warped geometry. Besides, it provides a new way to build braneworld model that escapes the experimental constrains.
This new mechanism with warped extra dimension was constructed in nonlocal gravity and a general class of scalar tensor gravities. Since a large class of modified gravities has an extra scalar degree of freedom, we believe that this kind of construction widely exists in modified gravities.
